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TECHNICALNOTE4084

ABNORMALGRAINGROWTEINM-25J2ANDS-816ALLOYS

ByR. F.Decker,A. I.Rush,A. G.Dane,
andJ.W. Freeman

SUMMARY

A laboratorystudywascarriedouttoestablishthebasiccauses
ofabnormalgain growthinair-andvacuum-meltedM-252andS-816alloys.
Theresultswereingeneralagreementwitha previousstudyofWaspaloy,
InconelX-5~, andNimonic&l/lalloys.Resultsoftestsonthefivealloys
indicatedthatsmallreductionsofessentiallystrain-freemetalwerethe
basiccauseofabnormalgraingrowth.Inmostcases,therewasa narrow
rangeofreductionsresponsibleforabnormalgrowthbetweenreductions
of0.4and5.0percent.In a fewspecialcasestheresponsiblereduc-
tionswereas lowas 0.1percentandashighas 9.7 percent.

Thepreventionofabnormalgraingrowthclearlyrequiresavoidance
of smallcriticalreductions.Themin problemisto anticipateandto
avoidconditionsleadingto criticaldeformation.Insuringthatall
partsofa metalpiecereceivemorethan~-to 10-percentreductionwill
preventit. Nonuniformmetalflowduringhot-workingoperationsisprob-
ablythemajorsourceofabnormalgraingrowth.Anysmallreduction,
particularlyifit includesa straingradientsothatthecriticalreduc-
tionwilldefinitelybe present,isa commonsource.Strainsarisingfrom
thermalstressesduringrapidcoolingcancausesusceptibilityto abnormal
graingrowth.Removalof strainby recrystallizationduringworkingfol-
lowedby a smallfurtherreductioncan,incertaincases,induceabnormal
graingrowthinthepresenceoflargereductions.

Thephenomenonofabnormalgraingrowthisremarkablyindependent
oftemperatureofworkingandofheatingtemperatures.Iftheheating
temperatureandtimearesufficientforabnormalgraingrowth,higher
temperaturesincreasethegrainsizeonlyslightly.Priorhistoryof
thealloysbeforecriticalstraininghasa relativelyminoreffect,pro-
videdthepriortreatmentreducesstrainbelowthecriticalamount.
Certainconditionsofworkingorheatingseemedtominimizeabnormal
graingrowth.These,however,do notappeardependableforcontrolling
abnormalgraingrowthbecauseoftheprobabilitythattheireffectiveness
isdependentonpriorhistoryofthealloy.

4 Theinfluenceofalloycompositionseemstobe mainlyinvariation
offlowcharacteristicsduringworkingandvariationinexcessphases
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alloysreadily A

carbidecontent,
theM-252;11oY=admarginal-&owthat 1,950°F. fiileS-816and -
InconelX-~’jOalloysdidnotundergoabnormalgrowthat 1,950° F, r-

at2,150°F, thenormalsolutiontemperatureforthesetwoalloys,
abnormalgrowthdidoccur.However,ins-816alloy,2,150°F wasmar-
ginalandtemperaturesof2,200°to2,300°F wererequiredforrapid
growth. ApparentlythemorestablecolumbiumcompoundsinS-816and
InconelX-550alloys
thanthelessstable

An experimental

restrainedgraingrowthto a highertemperature
growthrestrainersintheotheralloys.

INTRODUCTION

investigationwascarriedoutto studycausesof
abnormalgraingrowthinheat-resistantalloysofthetypeusedforthe
bladesintherotorsofaircraftgasturbines.Thepresentreportcovers
theresultsobtainedforM-252andS-816alloys.A preliminaryreport
(ref.1)haspreviouslybeenissuedfors:316alloy.A similarreport
(ref.2)presentstheresultsofthestudiesofthephenomenonfor
Waspaloy,InconelX-550,andNimonic@A alloys.Thepresentreport
includesresultsoftestsonfournormalair-meltedarc-furnaceheats
ofM-252andS-816alloysandtwovacuum-meltedheatsofM-252alloy.
Oneofthevacuum-meltedheatswasverylowinmanganeseandsilicon.

B
Theprimarypurposeoftheinvestigationwasto determinethecause

ofabnormalgraingrowthintypicalheat-resistantalloysandinaircraft ~
gasturbines.Theresearchwasundertakenbecauseabnormallylarge “e
grainssometimesdevelopinforgedbladesduringfabricationandheat
treatmentwitha consequentdeleteriouseffectonpropertiesofthe
blades.Theconditionsandcausesforthephenomenonaswellas the
principlesforavoidingthedifficul@havenotbeenunderstood.

Forpurposesoftheinvestigation,abnormalgraingrowthwasdefined
as thedevelopmentofgrainslargerthanASTM1. Ithadbeenwellestab-
lishedthattheabnormalgraingrowthof-interestoccurredatnormal
workingandheat-treatingtemperatures.Therefore,forthemostpart,
normaltemperaturesof solutiontreatmentwereusedtoallowgraingrowth
aftersusceptibilitytoabnormalgraingrowthwasdevelopedby various
experimentalconditions.

Theinvestigationspreviouslyreported(refs.1 and2)disclosed
no sourceofabnormalgraingrowthotherthansmallcriticaldeformations.
Theproblemappesredtobemainlytheidentificationandavoidanceof
theoftencomplexconditionsunderwhichsuchsmalldeformationscould &
occur. Thetwoalloyscoveredby thepresentreportdifferfromthe
alloyscoveredbyreference2 mainlyinthattheir,structurecontains 6-
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largenutribersofdispersedcarbides.Theseserveto actas grainrefiners4 andgeneralJycausea finergrainedstructurefora givenheattreatment.
Thelowercarbonalloyscoveredby reference2 havefarfewerdispersed

--- phasesintheirstructuresandtheirgrainsbecomecoarseat lowertempera-
) tures.TheInconelX-550alloyincludedinreference2 wasan exception

inthatithada highercoarseningtemperatureeventhoughitscarbon
contentwaslow.

Theinvestigationwascarriedoutby theEngineeringResearch
InstituteoftheUniversityofMichiganunderthesponsorshipandwith
thefinancialassistanceoftheNationalAdvisoryCommitteefor
Aeronautics.ThemembersoftheNACASubcommitteeonPowerPlant
Materialsassistedintheplanningoftheexperimentalprogram,partic-
ularlyby definingconditionsofworkingwheregrain-growthproblems
hadbeentroublesome.

PROCEDURES

Thegeneralprocedureinvolvedthefollowingsteps:

(1)Commerciallyproducedbarstockwasprocuredforuseas experi-
mentalmaterials.InthecaseofM-252alloy,stockfromthreedifferent
heatsmeltedinairandtwodifferentheatsmeltedinvacuumwasused.
Theair-meltedmaterialsweresaidto varyingrain-growthsensitivity

A andthevacuum-meltedmaterialwassaidtobe relativelyimmune.The
inclusionof severalheatsalsoservedas a checkonthegeneralityof-.

w. thefindings.
~

(2)Theas-receivedstockcouldnotbe reliedupontobe freeof
unevenorabnormalgrain-growthtendency.Therefore,inmostcases,
stockwasinitially“equalized”througha heavyreductionby rollingand
a heattreatmentfor1 hourat thenormalsolutiontemperature.Theheat
treatmentwasnecessarytoproducean essentiallystrain-freematerial
whichwouldnotobscurethee~rimentalresultsthroughtheinfluence
ofpriorstrain.Ina fewlimitedcases,theequlizingtreatmentcon-
sistedof onlya heattreatment.

(3) Repeatedheatingandcoolingwereusedto studytheinduction
ofabnormalgraingrowthby thermalstressesalone.Air-cooling,Oil-
quenching,andwater-quenchingwereused.

(4)Theinfluenceoftheamountandtemperatureofdeformationwas
studiedby rollingtaperedspecimensto flatbarsbetweenopenrollsin

4 a rollingmill. Thetaperedspecimensweremachinedfromequalizedstock.
Twotypesof specimens(fig.1)wereusedtovarytherangeofreduction.
Onebar(fig.l(a))gaveaboutO-to 15-percentreductionwhenrolled

v
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flatinonepass.A secondt~e (fig.l(b))wasrepeatedlyreduced,
givingO-to 5-percentreductionperpass. Thespecimenswereplaced
ina furnaceat-thedesiredworkingtemperature,held1/2hour,rolled,
andair-cooled.InthecaseofS-816alloy,theinfluenceof cooling
ratefromtherollingmillwasalsostudiedto obtainan indicationof
theimportanceofthisfactorinviewoftheeaseofintroducingsus-
ceptibilitytoabnormalgraingrowthby rapidcmling.

Therolledspecimenswerereheatedto theusualsolution-treating
temperaturesfortheusualtimesduringwhichgraingrowthoccurred.The
specimenswerecarefullymeasuredforreductionofareaduringrolling.
Thebarswerethensplitlengthwise,polished,andexaminedmetallo-
graphicallyandthegrainsizewasmeasuredas a functionofpercent
reductionofarea.

(5)AdditionalstudyOftheeffectofamountandtemperatureof
deformationwascarriedoutusingtensilespecimensto obtainuniform
smallreductionsto induceabnormalgraingrowth.

(6) Thegrain-sizeratingsystemusedwasthatestablishedby the
AmericanSocietyforTestingMaterials(ref.3). It wasnecess~ to
extendthissystemto sizeslargerthanO by usingthenotation-1to -5
grain sizes.Theactualgrainsizesinvolvedwereas follows:

ASTMgrain-size Grainspersqin.of Approximatediameter
number imageat 100diameters ofgrains,in.

8 128 o.Cw9
7 64””- .0012
6 32 .0018

16 .m25
: 8 .0035
3 4 .005
2 2 .007
1 1 .010
0 .5 .014

-1 .25 .020
.125 .028

:; .0625 ‘- .040
-4 .0312 .056
-5 .0156 .Om

Inreportinggraimsizes,therangeisgiveninthetablesofdata.
graphicalpresentationsaregenerallylimitedtothemaximumsize.

4
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EXPERIMENTALMATERIALS

Theexperimentswerecarriedouton ccxmnerciallyproducedbarstock.
Theinformationfurnishedby thesuppliersofthealloysisgiveninthe
followingsections.

hs-252IU1OY

Air-meltedM-252stockwassuppliedgratisby theGeneralE~ectricCo.
fromthreeheats.Heats43482and63674hadbeenme by theAllegheny
LudlumSteelCorp.inarcfurnaces.Thebarswere1 inchand7/8inch
square,respectively.HeatA6891hadbeenmadeby theUniversal-Cyclops
SteelCorp.inanarcfurnaceandwasintheformof7/8-inch-squ~ebars.

Thechemicalanalysesoftheseheatswerereportedtobe:

Chemicalsnalysis,percentby weight
Heat

c. m Si Cr Ni co Mo Ti Al Fe s P

434820.171.300.6219.0Balance 9.9710.2 2.08 0.62 3.14 ----- -----

63674 .12 1.28 .59 19.0 Balance 11.3 9.442.88l.lk 1.630.0160.014

~6891 .181.26 ---- 19.0Balance 10.3 9.832.67 .95 .84----- -----

Stockfromtwovacuum-meltedandcastheatswassupplied~atisby
theGeneralElectricCo. Theheatshadbeenmadeby theirCarboloy
Division.Thebarswere7/8inchsquare.Complete-chemicalanalyses
werenotsupplied.Theinformation-givenindicatedthefollowing-differ-
encesbetweenthetwoheats:

(a)HeatA-41: Siliconandmanganesewereomittedfromthealloy

(b)HeatB-2g: NormalM-252composition

s-816Alloy

TheS.816alloyusedwashot-rolledandcenterless-ground3/4-inch-
diameterbarstockfromheat61858suppliedgratisby theAllegheny
LudlumSteelCorp.

.-.
v
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Thecompositionwasreportedtobe as follows:

I Chemicalcomposition,percentby weight I

Ni (!0 Mo Fe w m s P

19.9 -knee 3.823.654.153.840.0190.011
i

FACTORSINFLUENCINGGRAINGROWTH

A numberoffactorsinfluencedobservedgrain-growthcharacteristics
intheexperimentalmaterials.Becausethesefactorswerefairlycorn-~
plicated,-considerationofthefollowingdiscussionof someofthese
factorswillhelpinunderstandingtheresultsofthestudies:

(1)Theexperimentalmaterialsintheas-receivedconditionhad
beenhot-workedtobarstockunderunknownconditions.In somecases
thegrainsizeswereinitiallymixed.Thegrain-growthcharacteristics
whenreheatedtonormalhot-workingor solution-treatingtemperature
indicatedsusceptibilityto abnormalorunevengraingrowthinmostcases.
Usuallythistendencyvariedalongthebar-stocklengths.

(2)Thesevariedanduncertainprior-historyeffectswereminimized
inmostexperimentsby an equalizingtreatment.Thiswasa fairlyheavy
reductionby rollingcombinedwitha heattreatmentfor1 houratthe
normalsolutiontemperature.Thisgavea uniformgrainstructurein
materialwithuniformresponseto subsequentexperimentalvsriables.
Thecoolingratefromtheheattreatmenthadtobe restrictedto that
-ofair-oroil-quenchinginordertoavoidsusceptibilityto abnormal
graingrowthonthesurfaceduringsubsequentreheating.

It shouldbe recognizedthattherearecertainimportantconsidera-
tionsinvolvedintheseequlizingtreatments:

(a)Thebestwaytoavoidunevenorabnormalgraingrowth
during”anysubsequentheatingisto introducemorethana minimum
amountofuniformworkintothestock.As discussedlater,this
shouldbe a reductionlargerthanat least5 percent.Material
givensuchreductionswould,however,be unsuitablefortheexperi-
mentalprogrambecausetheinitialreductionwouldmaskthee~eri-
mentalvariabletobe studied. —

(b)Theequalizingtreatmentsdonotmakethematerialinde-
pendentofpriorhistory.Theactualgrainsizeisinfluencedby

-.

c-
—

.+
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thepriorworkingandheattngconditions.It canbepostulatedthat
ifthepriorworkingresultsina materialwhichundergoesrecrystal-
lizationandgraingrowthtouniformreasmablyfinegrainsizeit
isthenina conditionsuitableforstudyofabnormalgraingrowth.
Therecrystallizationreducespriorstrain-hardeningtoa minimum.
As fsras isknown,someothersequenceoftreatmentscouldhave
resultedina differentinitialgrainstructure.This,however,
wouldaltertheresultsoftheexperimentsonlyindetail.

(c)First,theheat-treatmentstepprobablydidnotattainthe .
equilibriumgrainsizeforthetemperatureofheating.Second,the
degreeof solutionofexcessphaseswasprobablyvariable.Third,
thecoolingfromtheheattreatmentintroduceda smallstraininthe
surfaceofthemetal.However,theaffectedzonewasprobablycom-
pletelyremovedwhenthetaperedspecimenwasmachined.

(3)Theequalizedmaterialwhenreheatedforworkingmightormight
nothaveundergonefurtheralterationofgrainstructureasa resultof
theadditionalheatingbeforeworkingactua~ started.

(4)Whenthetaperedspecimenswererolled,a rangeof conditions
wassetup inthespecimens:

(a)A zoneofno reductionwhereanychangeshouldhavebeen
onlythatinducedby reheating.

(b)A zoneofincreasingamountsof
increasingreduction.

(c)Ifthetemperatureofreduction
tallizationfortherangeofreductions,

strainresultingfromthe

wastoolowforanyrecrys-
thewholelengthofthe

specimenwasstrain-hsrdened.Thiswasdependentontheamountand
temperatureofreductionandtheopportunityforrecoveryduring
cooling.

(d)Ifthetemperatureofworkingwassufficientlyhighfor
recrystallizationduringworking,therewasa zone of increasing
strain-hardeningfollowedby a zoneatthelsrgerreductionswhere
strain-hardeninghadbeenreducedby therecrystallization.h“
general,thezoneofcold-workedmaterialdecreasedwithincreasing
temperatureofreduction.Thezoneofrecrystallizationwasreduced
instrain-hsrdeninginproportionto thedegreeof completenessof
recrystallization.In general,thisincreasedwithbothtemperature
andamountofreduction.

(e)Theair-coolingfromworkingintroducedsc?nesurfacestrain
fromthethermalstresses.
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(5) Whenthetaperedspecimenswerereheatedforsolutiontreatment,
thereactionwascharacterizedby zonesas follows:

(a)A zoneofno orverysmallreductionwherethegraingrowth
wasmainly dependentonthefurthergrowthtobe expectedfrom
unstrainedmaterial.Presumablythemachiningofthetaperedspeci-
menremovedanysurfacemetalstrainedduringcoolingfromthe
equalizingtreatment.Consequently,onlytheair-coolfromthe
workingtemperaturewasinvolved.

(b)A zone,coveringreductionsgenerallyintheorderof
0.5to 4.4percent,whichwascriticallystrained,resultingina
fewgrainsgrowingtoabnormalsizes.

(c)A zoneofhigherreductionswheredeformationresultedin
moregrainsgrowingincompetitiontopreventabnormalfinalgrain
size.

(d)At stilllargerreductionsrecrystallizationdefinitely
occurredinthemoreseverelystrain-hexdenedmetalduringreheating
unlessitoccurredduringworking.Inthelattercasegraingrowth
occurred.Manyofthespecimensshowedpartialrecrystallizationat
theheavierreductions.Presumablyrecrystallizationoccurredduring
reheatinginthoselocationswhereitdidnotoccurduringrolling.
Thezonesofrecrystallizationpresumablyunderwentgraingrowth.

.

RESULTS

Grain-WowthcharacteristicsofM-252andS-816alloyswerestudied.
Repeatedheatingandcooling,deformationby rolling,andtensile
strainingwereusedto inducegraingrowth.

Intheexperimentsinvolvingrolling,taperedspecimenswererolled
to flats.Intheregionsof smallreductionscausingabnormalgrain
growth,asdiscussedinsubsequentsections,thegraingrowthwasremark-
ablyuniformacrosstheentiresectionofthespecimens.Thelineof
demarkation,atthesmallestreductioncausingsuchgrowthwasverysharp.
Therecrystallizationandgraingrowthwasalsouniformona macroscopic
scaleacrossthebarsection.Recrystallizationduringworkingorafter
solutiontreatment,however,wasoftenbanded.

*

*



NACATN 4084 9

M-252 4u10Y
-.

7

-..
“./

“7

InductionofabnormalgraingrowthinM-252alloyby repeated
heatingandcoolingandby rollingwasstudied.A finalsolutiontempera-
tureof1,950°F wasusedtopromotegraingrowth.

TheM-252experimentalmaterialsallhaduniformfinegrainsizes
aftertheequalizingtreatments(figs.2 and3). Twooftheair-melted
materialshada grainsizeof6 to 8 andthethirdhada grainsizeof 8
or finer.Thegrainsizeofthevacuum-meltedheatwithlowsilicon
andmanganesecontentwas7 to 8 andthatofthenormal-composition
vacuum-meltedheatwas5 to 8.

InductionofabnormalgraingrowthbyrepeatedheatingandCOO~.-
Theexperimentsconductedontheinductionofabnormalgraingrowthby
repeatedheatingandcoolingandtheresultinggrainsizesaresummarized
infigures4, 5,and6. Themajorpointsobservedwere:

(1)Air-coolingfrom1,9~0 F didnotinduceabnormalgraingrowth
ineitherair-orvacuum-meltedstock.

(2) Water-quenchinginducedgraingrowthonthesurfaceofallheats
equalizedby rollingat 1,950°F. Equalizingby rollingat 2,150°F
suppressedgrowthinthevacuum-meltedheatA-41withlowsiliconand
manganesecontent.

Themaximumgrainsizedevelopedwaslargerthan1 foronlyair-
meltedheats63674andA6891andvacuum-meltedheatB-29.

Inreviewingthesedatait shouldbe recognizedthatitwasshown
inreference2 thatthetimeat thesolution-treatingtemperatureand
notthenuder ofreheatswasthecontrollingfactoringraingrowth.
Thereforethedatainfigure6 forthevacuum-meltedheatsshouldbe
comparablewiththedatafortheair-meltedheatswhererepeatedheating
andcoolingwasused.

Theabsenceofgraingrowthduring5 hoursofheatingwithouta
waterquench(fig. 6) showsthenecessityforthemoredrasticthermal
stressingofwater-quenchingforgraingrowth.

Photomicrographs(fig.5) showtypicalgrainsizesaftervarious
amountsofreheatingsubsequenttoa waterquench.

Theseresultsindicatethefollowinggeneralobservations:

(1)Thesolution-treatingtemperatureof1,950°F is-ginal for
graingrowthinM-252alloy.Thegrainsizeswerenotsolargenorthe
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growthsoextensiveas thoseobservedforthelowercarbonalloys
reference2.

4084
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(2) Thevacuum-mdtedheats werejustas susceptibleto graingrowth ~
as theair-meltedheats. i

(3)Eitherhot-worki%orexposureto2,150°F reducedthesuscepti-
bilityto graingrowthofthevacuum-meltedmaterial.

(4)Lowercarboncontentwas*heonlyapparentdifferencebetween
heat63674,whichwasslightlymoresusceptibleto gain gro~h~and
theslightlymoreresistantheats43482andA6891.Thelowsiliconand
manganesecontentinvacuum-meltedheatAV41mayhavebeenrelatedto
itsbeingsomewhatlesssusceptibleto growthafterworkingat 2,150°F.
Intheabsenceofactualanalyses,variationin carboncontentcouldbe
postulated,however.

Inductionofabnormalgraingrowthby rollirig.-A sharpincreasein
grainsizeoccurredat somecriticalreductionbetween0.5and3.4per-
centidalltheexperimentscarriedoutontheinductionofabnormal
graingrowthbyrolling.(SeetableI andfigs.7 to 9.) The grain
sizediminishedas theamountofreductionwasincreasedfurther.The
grainsizewas1 orlessforreductionsgreaterthanO to 4.4percent,
dependingonthe”workingconditions.Therangeinreductionswas
obtainedby rollingtaperedspecimensandwaslimitedtoa maximum
reductionofapproximately15percent.

4
Minorvariationsinthecriticalreductionandthemaximumgrain

sizeresultedfhomvaryingtherolllngtemperatureandtheequalizing --
treatmentsandby heatingto a hightemperaturebeforerolling.There ~-
wasalsoonlyslightvariationbetweenair-andvacuum-meltedmaterials.
Theeffectsofthesevariablesareas follows:

Effectoftemperatureofreduction:Therewasa slighttendency
forthecriticalreductionto increasewithincreasingtemperatureof
rolling.Thiswasnotconsistentorpronounced.

Themaximumgrainsizedidnotvarymuchwithtemperatureofreduc-
tion. Inmostcasesrollingat 1,600°F prducedthelargestgrains.

Effectofvariationinequalizingtreatment:Againtherewasvery
littleeffectfromthevariablesstudied.Thereductionforcritical
deformationwasgenerallyincreasedslightlyby priorrollingat2,100°F
overthatobtainedwhenthematerialwasequalizedby rollingat 1,950°F.
Therewas,however,littledifferenceinmaximumgrainsize.

Thecriticalreductionappearedto increaseslightlyforrollingat “
anytemperatureexcept2,100°F whenthestockwasfirsttreated

w
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at 2,1M)0 F. Eitherrollingat 2,100°F followedby a treatmentat
1,9500F orheatingto 2,100°F andthencoolingto a lowertemperature
seemedtohavethiseffect.Thissupportstheindicationofthedata
inreference2 thattheapparentincreasein criticalreductionathigher
temperatureswastheresultofheatingto thosetemperaturesandnotthe
temperatureofworking.

Influenceofvacuum-melting:Therewaslittledifferenceinthe
criticalreductionbetweenstockmeltedinairor invacuum(fig.9).
Thecriticalreductionperhapstendedtobe a littlelargerforthe
materialmadeinvacuum.Therewasno consistentdifferenceinmaximum
grainsize(fig.9). Thelow-siliconandmanganeseheatA-41tendedto
havea slightlysmallermsximumgrainsizethanthenormal-cmnposition
vacuum-madeheatB-29.

s-816Alloy

TheinductionofabnormalgxaingrowthinS-816alloyby repeated
heatingandcooling,by rolling,andby tensilestraifingwasstudied.
A heatingtemperatureof2,150°F wasextensivelyusedbecauseit isa
commontemperatureforheating,forworking,andforfinalsolution-
treating.A solutiontreatmentof2,300°F wasalsoextensivelyused
to intensifygraingrowth.

Theoriginalbarstockwassubjecttounevengraingrowthinthe
,as-receivedcondition(fig.10). Mostoftheexperimentswerecarried
outonmaterialequalizedby a reductionof15percentat 1,000°F to
removethisuneven-grain-gowthtendency.Whensolution-treated
at2,150°or2,300°F, thistreatmentresultedinuniformgrainsizes
of5 to 8 and4 to 7, respectively(fig.n). Thereductionat 1,000°F
wasusedinearlye~erimentssimplybecauseitwasthefirstonetried
anditgavethenecessarygrainuniformity.Otherequalizingtreatments
weresubsequentlyused,as indicatedintheresultsoftheindividual
experiments.

Inductionofabnormalgraingrowthby repeatedheatingandcooli~.-
Theinductionofabnormalgraingrowthby quenchingwasdiscoveredwhen
unexpectedabnormalgraingrowthoccurredduringesrlye~rimentson
water-quenchedS-816alloy.Consequently,thesubjectwasquiteexten-
sivelystudiedto cle= up thefactors.involved(seefig.12).

Thegrainsizeswhichdevel~edinstockequdizedbythe15-percent
reductionat l,OOUOF andinas-receivedstockaftera numberof condi-
tionsofheatingandcoolingexeshownbyfigure1.2(a).Macrographsof.
thespecimensof figure12(a)areshownby’figure13. Thesignificance
orthesefigurescanbe summarizedas follows:

.
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(1)Whenair-cooledfromrepeatedheatingto2,lx” F, abnormal “
graingrowthdidnotoccurduringsubsequenttreatmentsto2,150°and
2j3000F in stockequalizedby a reductionof15percentat 1,000°F.
Whenwater-quenched,however,itdidoccuronthesurface.

,*..

(2) The as-receivedmaterialdidnotundergoabnormalgraingrowth
fromrepeatedheatingto 2,150°F andair-coolingor water-quenchingbut
didwhenfinallyheatedto 2,300°F. Thedegreeofabnormalgrainggowth
at2,300°F wasmuchgreaterinthewater-quenchedsamples.Unlikethat
intheequalizedstock,abnormalgraingrowthtendedto occurfirstat
pointsintermediatebetweenthesurfaceandcenter.

(3) Whentreatedat 2,300°F andwater-quenchedafteran equalizing
reductionof15percentat 1,000°F, abnormalgraingrowthdidnotoccur
duringreheatsto2,150°F withair-cooling.Whenfinallyreheated
to 2,300°F, itdidoccurextensively.Water-quenchingfromreheats
to2,150°F didstartgrowthonthesurface.

(k) Theas-receivedstockwhensolution-treatedat2,300°F did
undergograingrowthonthesurfaceduringreheatsto2,150°F withair-
Cooling. Thisgrowthwasmoreextensivewhenthestockwaswater-quenched
from2,150°F. Whentheywerefinallyheat-treatedat2,300°F, extensive
abnormalgraingrowthoccurredinmaterialsbothair-cooledandwater-
quenchedafterreheatingto2,150°F.

Thegeneralconclusionfromtheseexperimentsseemstobe thata
waterquenchsomewhereinthehistoryisrequiredto obtainabnormal.
typegraingrowthat2,150°F. Itispresumedthatthetendencyfor
abnormalgraingrowthintheas-receivedstockevenafterair-cooling
isrelatedto thepriorhistorywhichcausedunevengraingrowth.

n

.,

Materialequalizedby a reductionof15percentat 1,400°F appeared
tobe considerablymoresusceptibletoabnormalgraingrowth(fig.1.2(b)).
Thismaterialdevelopedgrainsas largeas-2whenreheatedto2,150°F
aftera waterquenchfrom2,150°F andas lsxgeas -4after4 hoursat
2,150°F. Materialequalizedby a reductionof70percentat2,150°F
waslesssusceptibletoabnormalgraingrowth(fig.12(b))althoughit
developedgrainsas largeas -2 in3 hoursat2,150°F afteran initial
waterquenchfrom2,150°F. Typicalphotomicrographsofthematerial
equalizedby”rollingat l,4~”F areshowninfigure14.

Materialoil-quenchedorair-cooledfrom2,150°F aftera 70-percent
reductionat 2,150°F wasnotsosusceptibletoabnormalgraingrowthas
whenwater-quenched(fig.12(b)).Threehoursat2)1500F did,however,
resultingrainsas largeas 1 onthesurface. .

Apparentlytotaltimeattemperatureaftera waterquenchisthe
controllingfactorinabnormalgraingrowthandrepeatedheatingand w
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coolinghasverylittleadditionaleffect.(See
formaterialequalizedby rollingat 1,400°F.)
findingforthedatainreference2.

13

thedatainfigure12(b)
Thisconfirmsthesame

Alltheresultsofrepeatedheatingandcoolingmaybe summarized
as.follows:

(1)Water-quenchingfromeither2,150°or2,300°F introducedsus-
ceptibilityto abnormalgraingrowth.Thesusceptibilitywasprevented
orgreatlyreducedwhenair-coolingor oil-quenchingwasused.

(2) Thesusceptibilityto abnormalgraingrowthvariedconsiderably
withtheconditionsoftheinitialequalizingtreatment.

(3) Totaltimeofreheatingisthecontrollingfactorinabnormal
graingrowthwhilerepeatedheatingandcoolinghavelittleadditional
effect.

Inductionofabnormalgraingrowth rolling.- A rsmgeofreduc-
tionswasobtainedbyrollingtaperedspecimens.A numberof conditions
ofrollingwereused. Thegrainsizesaftersubsequentfinalsolution
treatmentwerethenmeasuredas a functionofdegreeofreduction.

As inallalloysstudied, abnormalgraingrowthstartedabruptly
at somecriticalreduction.Thiswasbetween0.5and2.8percentfor
S-816alloy.Themaximumgrainsizealwaysdevelopedat thesmallest
reductioninducingabnormalgraingrowth.Thegrainsizefelloff
rapidlywithfurtherreductionsothatthemaximumgrainsizewas1 or
smallerforreductionsof3.3percentor less.Thetiimumgrainsize
decreasedrapidlywithfurtherdeformationsothatitwasquitesmall
fordeformationsof6 to 8 percent.

Theexperimentalconditionsincludeda numberofvariablesas
describedinthefollowingsections.

Influenceofrollingtemperature:Rollingtemperaturebetween
l,~” and2,250°F hadverylittleeffectonthecriticaldeformation
forabnormalgraingrowth(fig.l~(a)).Thetotalrangeof critical
reductionsfortheexperimentalconditionsusedwasfrom0.7to 1.5per-
centwiththehighesttemperaturesofreductiontendingtorequirethe
mostdeformationandtohavethesmallestrangeof criticaldeformation.

Influenceof solution-treatingtemperature:TheHimu gain size
at thecriticalreductionwaseither-1or -2whenthesolution-treating
temperaturewas2,300°F (fig.15(a)).Whenthesolution-treating
temperaturewas2,150°Fthemaximumgrainsizewas3 (fig.15(b)).In
consideringthesegrainsizesitisimportanttorecognizethatthesam-
pleswereheatedonly1 hourduringthesolutiontreatments.As was
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quenching,grainslargerthan1 wouldhave
●

timesat2,150°F hadbeenused,andpossibly
havedevelopedforlongertimesat2,300°F.

●

Thetemperaturerequiredforabnormalgraingrowthto occurin
1 houraftercriticaldeformationappearstobebetween2,000and2,100°F
(figs.16an.d17). A temperaturehigherthan2,150°F wasrequiredto
producegrainslargerthan1. Microstructureofthesamplesolution-
treatedat 2,200°F havebeenincludedinfigure18as@ical ofthose
ofthetaperedspecimensexamined.

Thereliabilityoftheexactvaluesof criticalreductionforgrain
growthandthegrainsizesdevelopedisuncertain.Thegeneraltrends,
however,appeartobe valid.Thereasonforquestioningthereliability
oftheexactvaluesistheapparentvariationwithpriorhistory.

Influenceofpriorhistory:Whentheequalizingtreatmentincluded
a waterquenchfroIu2,300°F, themaximumgrainsizeat thecritical
reductionforrollingat 1,400°F was3 fora finalsolutiontreatment
at 2,150°1?(fig.15(b)).Whentheequalizingheattreatmentwas2,150°F,
thismaximumgrainsizewas1 (fig.16). Whenthefinalsolutiontempera-
turewas2,300°F, therespectivegrainsizeswere-1andO (figs.15(a)
and16). Itwillalsobe recalledthattherewasan indicationofprior-
historysensitivityinthesamplesquenchedto induceabnormalgrain
growth.

TheapparentInfluencesofpriorhistorysuggestthattheremRybe
considerablevariationintheminimumtemperatureforabnormalgrain
growthin1 hour(fig.17)aswellas inthemaximumgrainsizes.

Influenceofworkingat ornearthefinal-solution-treatmenttempera-
ture: Ina numberofexperiments,indicationswerefoundsuggestingthat
abnormalgraingrowthcouldbe suppressedbyworkingat or justabovethe
final-solution-treatmenttemperature.Thishasnotbeenfoundtobe
reliableineitherthisreportorreference2. Figure19 showsthat
rollingat2,2500F didnotsuppressgraingrowthatthecriticalreduc.
tionverymuch.

Development ofverylargegrains.- Oneofthedisturbingfeaturesof
theexperimentswastheinabilityoftheS-816alloyto developthevery
largegrainswhichhadbeenexperiencedinforgingofblades.Somespecial
experimentsweretherefmeundertakento attempttoproducesuchgrains.

Thefirstmethodusedwastoheatandcoolthespecimensrepeatedly
afterrollingastaperedspecimens.Grainsas largeas -2wereproduced
by fourcyclesto2,150°F (fig.20)as comparedwitha maximumgrain
sizeof1 foronecycleformaterialwiththesameequalizingtreatment
(fig.16). As haspreviouslybeendiscussedthiswasprobablydueto

,-
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theincreaseintimeat temperature
andCOOlillgo Superimposinga final
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ratherthanto therepeatedheating
treatmentat 2,300°F increasedthe

mmd.mumgrainsizeto -4. Thisis considerablycosrserthan that obtained
fromjust1 hourat2,300°F inanytest.

Thesecondexperimentinvolvedrepetitiverollinginthecritical
deformationrangewithintermediatereheatsto2,150°F~fig.21). A
specimenwithonlya smallamountoftaper(fig.l(b))wasused. Fig-
ure21 differsfromtheotherfiguresinthatit showstherangein
grainsize.‘Themaximumgrainsizedevelopedwas-3as comparedwith
a maximumof -1whenrolledonlyonce(fig.l~(a))witha finalkreat-
mentat 2,300°F. It isuncertain,however,whethertheincreasewas
dueto therepetitivecriticaldeformationorto theincreasedexposure
to 2,150°F duringthebeatingsbetweenrollingcycles.Materialwith
thesameeqwlizingtreatmentgivenonepassthroughtherollsand
reheatedto 2 150°F for1 hourdevelopeda maximumgrainsizeofonly
3 (fig.15(b)\.Theexperimentsinvolvingheatingandcooling,however,
indicatedthatlongertimeat 2,150°F resultedinlargergrains.

Itseemsevidentfrombothexperimentsthatrepetitiveexposureto
conditionsinducingabnormalgraingrowthleadsto largergrains.The
dataciteddonot,however,conclusivelyindicatewhetherincreasedtime
at temperatureforgraingrowthorrepeatedcriticaldeformationisthe
controllingfactor.

Influenceof coolingrateafterrolling.-Thediscoverythat
abnormalgraingrowthwasinducedby rapidcoolingraiseda questionas
to theeffectof coolingrateafterrolling.To obtaininfor&tionon
thispointa seriesof sampleswereprepsredusingthefollowingsteps:

(1)Thestockwasequalizedby a reductionof15percentat 1,0000F.

(2)Barswerereheatedto2,150°F andgivenreductionsofO, 1,
4, and7 percent.Twobarswereusedforeachreduction,onebeingair-
cooledandtheotherwater-quenchedfromtherollingmill. Twosamples
werecutfromeachbar,onebeingsolution-treatedat 2,150°F andthe
other,at2,300°F.

(3) Theremaind= ofthebarswereagainreheatedandrolledsamles
cutoff-andsolution-treatedas instep(~).

(4)Theremainderofthebarswereagainreheated,
piescutoffandsolution-treatedas instep(2).

Examinationofthesamplesforgrainsize-revealed
results:

rolled,andsam-“

thefollowing
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(1)No abnormalgraingrowthoccurredinthesamplesreduced4 or
7 percentduringeachpass.Thereductionwasmorethanthecritical
amount. Therewaslikewiseno effectonthe@sin sizefromcooling
ratefromtherollingmill.

(2) Samplesgivennoreductiondidnotundergoabnormalgraingrowth
whenair-cooledbutdidwhenwater-quenched,as expected.

(3)SaWlesgivena reducttonof1 percentperpassdidundergo
abnormalgraingrowthwhetherair-cooledorwater-quenched.Theslightly
largergrainsizeforwater-quenchingmayormaynotbe significant.
Apparentlythereductionof1 percentcombinedwiththetherml-stressing
effectcarriedthedeformationslightlypastthecriticalamountontwo
faceswitha consequentslightreductioningrainsizeonthosefacesin
comparisonwiththatof samplessimplyquenched.It isevident$n fig-
ure22thatthereductionof1 percentinfluencedgrainsizecompletely
throughthebarstock.

(4)Thegeneralconclusionseemstobe thatcoolingratefromthe
rollingmillhaslittleeffectunlesstherollingreductionisat or
belowthecriticalamountforabnormalgraingrowth.Apparentlythe
deformationsfromthermalstresseson coolingareadditivetothosefrom
rollingandwouldthereforehavesomeeffectwhenworkingdeformations
areverysmall.Forinstance,it ispossiblethatifa partwasreceiving
criticalreductionduringworking,a waterquenchafterworkingmight
increasethedeformationpastthecriticalamount.

Inductionofabnormalgraingrowthby tensilestraining.-Tensile
specimensdeformedsmallamountsat 1,400°and1,600°F andsolution-
treatedat2,300°F developedgrainsizesshownbyfigure23. Thesmall
deformationsdefinitelyinducedgrowthsimilartothatinducedbycriti-
calreductionsby rolling.Thesmallergain sizeintheundeformed
threadedendsshowsthattemperaturealonewasnotresponsible.

Comparisoncanbemadeofthetensile-strainingdataat1,400°F with
rollingdataat1,400°F withthesameequalizingandfinaltreatments
(fig.16). Whilethecriticalreductionbyrollingwas1.2percent,
resultingi-na maximumgrainsizeofO,tensilestraining1 percent
resultedin qize1 grainsafterfinalsolutiontreatment...

Theuniformtensiledeformationdidnotcausequitesolargegrains
b to formasdidthecriticalreductionbyrollingoftaperedspecimens.
IntwoofthespecimenssizeO grainsformedinthefilletswherethe
exactcriticaldeformationmusthaveoccurred.Thesegrainsweresmaller
thanthoseobtainedinanalogoustq~redspecimens.Possiblytheslower
coolingofthetensilespecimenswasinvolved.However,similardatafor
Waspaloy(ref.2) showedcloseragreementbetweentensileandrolling
deformation.Thegeneralconclusionofreference2 thattheamountof

?

—
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. deformationisthecontrollingfactorinabnorm.1graingrowthandnot
themethodofdeformationor straingradientseemsvalid. .

.
Deformationrequiredtorefinelargegrains.- As-receivedatockwas~

heatedto 2,300°F for2 hoursandair-cooled.Thisproducedgrains
ranginginsizefrom-2to 5. Thismaterialwasro~ed at 2,150°F to
givereductionsof9 to 56percent.Therecrystallizationduringrolling
andthegrain-sizerangesaftersubsequentsolutiontreatmentsof2,150°
or2,3Cm0F =e summarizedby figure24.

Whilea reductionof9 percentgaveverylittlerecrystallization
duringrolling,thegrain-sizerangeaftersubsequentsolutiontreatment
at 2,1500F was4 to7 andaftertreatmentat 2j3000 F was3 to 6. Thus,
as littlereductionas 9 percentat 2,150°F brokeup theinitiallarge
-2grains.A reductionbetween40 and56percentwasrequiredto refine
thegrainstructurecompletelyby recrystallizationduringrolling.It
willbe notedthatthegrainsizeaftersolutiontreatmentdecreased
withincreasingamountsofrecrystallizationduringrolling.Verylittle
wasgained,however,by reductionsofmorethan20percent;thelargest
effectwasbetween13and21percent.

DISCUSSION

Theinvestigationprovidesconsiderableinformationregardingthe-r
conditionswhichcancauseabnormalgraingrowthinheat-resistantalloys
ofthetypestu~~. ~, ifnot~sty ofthecon~tio~ ofwor~g to

9 be avoidedforfreedomfromabnormalgraingrowthcanbe specified.The
basicmechanismsinvolvedinmay oftheinterrelatedvsriablescanalso
bepostulatedfromthetheoryofgraingrowth.

PreventionofAbnormalGrainGrowth

Theonlymeansfoundforinducingabnormalgraingrowthinanyof
thealloysinvestigatedincludingWaspaloy,J_nconelX-550,andNimonic
&)Aalloys(ref.2)wasby smalldeformationsof strain-freematerial.
Thephenomenonseemedtobe independentofthetemperatureofdeform-
ation.Themostimportantconclusionthereforeisthatabnormalgrain
growthcanoccuronlyduringreheatingto grain-growthtemperaturesafter
smallcriticaldeformations,usuallybetween0.5and5.0percent,of
initiallystrain-freematerial.Apparently,ifallmetalinanypartis
deformedmorethan7 to 10percent,abnormalgraingrowthwillbe pre-
ventedduringa subsequentreheat.

*
Themajorprobleminpreventingabnormalgrain grtih inpractice

isto identi~andanticipatethepossiblesourcesof critical
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deformation.Itisobviousthatsmalldeformationsandespeciallydefer- s
mationscausingstraingradients,bothcommonproceduresin straightening
methods, shouldbe avoided.Criticaldeformationscanoccurinthepres-
enceoflargeoveralldeformationsduetounevenmetalflowindies.Die “
designandoperationmustinsurethatallpartsofthemetalpiecemove
morethanthecriticalamount.

Inworkingoperationsinvolvingreheating,thereheatscanremove
theeffectsoflargepriorreductions.Itisthereforeimportantto
recognizethatcriticaldeformationmustbe avoidedineveryworking
operation.Forinstance,trimminga forgingwithouta reheatwi~lprob-
ablysimplysuperimposedeformationonmaterialalreadydeform&dmore
thanthecriticalamount.Iftheforgingisreheatedfortrimmingwith
thereheatremovingthestrainfrompriordeformation,susceptibilityto
abnormalgraingrowthis sureto developbecausetrimmingintroducesa
straingradientcertainto includethecriticaldeformation.

Ifnearlycompleterecrystallization.occursduringworking,the
resultingstrain-freeconditionofthemetalleavesitsusceptibleto
criticaldeformationby a smallamountof furtherdeformation.Thus
multiple-blowforgingcanleadtoabnormalgraingrowthevenwithlsrge
totaldeformationsif initialdeformationscauserecrystallizationand
subsequentblows~eformsomepartsonlythecriticalamount.Thisprob-
ablyfrequentlyoccurswhenthefinaloperationinvolvessmall.deforma-
tionsto obtaindesiredsize.Avoidanceofabnormalgraingrowthin
multiple-blowforgingrequiresthatcompleterecrystallizationbe .X
avoidedinanyonebloworthatmorethancriticaldeformationbe used
inallpartswitheveryblow.

“
Thecriticaldeformationmustbe appliedto essentiallystrain-free

materialsto inducesubsequentabnormalgraingrowth.If smalldeforma-
tionssuperimposedonunrelievedpriordeformationresultinmorethan
criticaldeformation,abnormalgrowthwillnotoccur.Thisapparently
isthereasonwhysensitivityto abnormalgraingrowthdoesnotoften
occurasa resultof coolingfromtheworkingoperations.Conditions
involvinga rapidcoolaftersimpleheatingwithoutmechanicaldeforma-
tionfollowedby-reheatingdonotoftenoccur.Itisimportanttorecog-
nize,however,thatthermalstressingisa functionofthedegreeof
restraintaswellas ofthecoolingrate.Theremaybe shapesandsizes
inwhichslowercoolingratesthanwater-quenchingcouldinducecritical
strain.Likewise,inothershapes,water-quenchingmightnotdo it.

Theamountofreductionrequiredtobreakupabnormalgrainsonce
theyareformedwasstudiedslightlyforS-816. It appearedthat5- to
10-percentreductionby rollingwouldbe sufficientpriorto subsequent
solutiontreatment.Itis suspected,however,thatinpracticemetal .

flowch&acteristicsmayretarddeformationoflargegrainsandprevent
thesegrainsfromreceivingsufficientdeformationto cause .
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recrystallization.Whileitwasnotstudied,itmaybe thatlarge
grainsretainedfromsolidificationof ingotsmaybe moredifficultto
breakup

The
abnormal

(1)
avoided.
inparts

thanthoseformedby heattreatments.

resultsclearlyindicatetheprinciplesnecessaryto avoid
graingrowth.Theyare

Rapidcoolingfroman essentiallystrain-freecondition mustbe
Thisstrain-freeconditionmightbepresentbeforequenching
whichhadreceivedno deformationor inpartswhichhadbeen

heavilyreduced,resultinginextensivesimultane&srecrystallization.

(2)Anyreductionsshouldbe morethanthecriticalamount.Thus
a reheatfollowedby a SU1l finishingreductionshouldbe avoidedif
thereheatconditionsleavethemetalessentiallystrainfree.

(3)men ~ltipleoperationsareusedbetweenreheats,caremustbe
exercisedtobe surethatextensivesimultaneousrecrystallizationis
notfollowedby a finalsmallcriticalreductionbeforereheat.

(4)Workingat orabovethenormalsolutiontemperaturecannotbe
dependedonto reduceabnormalgraingrowth.

MetallurgicalandCompositionalEffects_

Theuse ofabnormallyhightemperatureshadrelativelylittleeffect
onabnormalgraingrowth(ref.2). Itappearsthatincreasedtemperatures
onlyslightlyincreasethesizeofthegrains,unlesstheusualte~era-
turesandheatingtimesaremarginalforgraingrowth.InS-816alloy
2,150°F wasmarginal.!I’hereforeincreasingthetemperatureto 2,200° F
considerablyincreasedgrain~owth. Increasingthetemperaturefrom
2,200°to 2,300°F, however,hadlittleeffect(fig.17), apparently
because2,200°F for1 hourwassufficientfornearlycompletegrain
growth. Inreference2, alloyswhichunderwentnearlycompletegrain
growthundernormalheat-treatingconditionsshowedlittlefurthereffect
fromhighertemperatures.

Inpracticetemperaturesandheatingtimesaremarginalforcomplete
recrystallizationorgraingrotih.Consequentlythegrain-growthcharac-
teristicscanbe sensitivetopriorhistory.Thereforevariationsin
grain-growthcharacteristicsbetweenheatsmayresultinwidedifferences
inabnormal-grain-growthsensitivityfora fixedworkingandtreatment
schedule.Forinstance,itwasfoundthats-&L6alloyequalizedby a
reductionof15percentat 1,000°F plusa l-hourtreatmentat2,300°F
wouldnotdevelopgrainslargerthan3 duringa l-hourtreatmentafter
criticaldeformation.Abnormallylargegrainsdidformduringthesane
finaltreatmentafterotherequalizingtreatments.Itwouldseemthat
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thepracticaldifferencesbetweenheatsinvolvevariationswhichchange
thegrain-growthratesunderthemarginalconditionsforgraingrowth

#

usuallyused. Sofarastheexperimentscarriedoutwereconcerned,this
showedup asa variationintimetoattaina givengrainsizeaftercriti.- .
caldeformation.

Therearedifferencesbetweenalloysinthetemperaturesandtimes
requiredforabnormalgraingrowthaftercriticaldeformation.These
temperatureswerenotwellestablishedforthealloysstudied.Twoof
thealloysstudied inreference2,Nimonic80AandWaspaloy,werevery
sensitiveto abnormalgraingrowthwhenheatedto 1,950°F. Inconel
X-550alloyrequireda highertemperaturewiththegraingrowthoccurring
readilyat2,150°F. M-252alloyrequiredmorethan1 hourat1,950°F
forabnormalgrainsto grow.ThesamewastrueforS-816alloyat2,1500F
for1 hour.LargerabnormalgrainsgrowinS-816alloyinlesstimeat
2)3000F.

Itisprobablethatvariationingrain-growthrestrainerswasa
majorreasonforthedifferenceingrain-growthcharacteristicsbetween
alloys.S-816alloycontainslargenumbersofrefractorycsrbid.eparti-
clesbecauseofitshighcarbonandcolumbiumcontent.Theseapparently
raisethetemperaturesandincreasethetimerequiredto obtaina given
graingrowth.Thehighercarboncontentof M-252alloyapparently‘-
increasedtheresistanceto graingrowthincomparisonwiththatof
Nimonic&)AorWaspaloy.InconelX-550appmentl.yrequireda higher
temperatureandlongertimeperiodsforabnoml graingrowthbecause
ofthegrain-growth-restrainingcharacteristicsofrefractorycolumbium
carbidesandnitrides.Inthestudiesmadeitwasnotedthathigher
carbonheatsofthevariousalloyswereslightlymoreresistantto grain
growth. High-temperaturetreatmentsgivingmoresolutionofgrain-growth
restrainersseemedto increasetheseverityofabnormalgraingrowth
scxnewhat.

Inpracticeitisprobablethatdifferencesinflowcharacteristics
betweenalloysareveryimportantvariables.Fora givenworkingopera-
tiononealloymightbe farmoresusceptiblethananotherto nonuni.fcmm
flow,therebyprovidingopportunityforcriticaldeformation.Recrys-
tallizationtemperatureandtimedifferencesbetweenalloysmightalso
be veryimportant.An alloyresistanttorecrystallizationmaybemuch
easierto keepstrainedabovethecriticalamountthanonewhichreadily
recrystallizes.

!Cemperaturesofheattigforworkingandheatingtimesareoften
foundimportantincontrollinggrainstructureinpractice.Itappears
fromthisinvestigationthatthesefactorsprobablyhavetheirmajor
effectthroughthewaythemetalmoves.Certaintemperaturesprobably
areconducivetomoreuniformmetalflow,inparticularhot-working
operations.Heatingtires,otherthantheirpossibleinfluenceonthe

.
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temperatureattainedinthemetal,probablyinfluencestrainrecovery
betweenoperations.As isevidentinthedata,recrystallizationand
graingrowthatusualhot-workingtemperaturesaretimedependent.Con-
troloftheheatingtimemaypreventrecoveryeffectsfromdroppingthe
strainbelowthecriticalamount. Thiswouldpreventthemetalfrom
becomingsusceptibletoabnormalgraingrowthinpartswhichreceivea
smalldeformationinsubsequentworking.

Heatingtemperaturesforworkingmaybe importantifthetemperature
issufficientlyhighandthetimelongenoughforabnormalgraingrowth.
Thiswouldallowgraingrowthduringhot-workingwhichwouldhavetobe
brokenupby subsequentworkingtobe eliminatedfromthestructure.It
mightallowrepeatedcriticaldeformationandgraingrowthundertheright
conditions.Thismsybe thesourceoftheextremelylargegrainssome-
timesencountered.

Therewasno ~eat differencefoundsmongair-meltedheatsor
betweenair-andvacuum-meltedheatsofa givenalloy.Yetinpractice
thesemeltingconditionsareoftenfoundtobe importantvariables.The
investigationdidnotdisclosethereasonsforthis.Themostprobable
reasonisdifferencesinflowcharacteristicswhichfora givenprocedure
resultinvsriationintheW’the metalmovesduringworking.This, in
turn,setsup criticaldeformationconditionsinsomeheatsandnotin
others.

Themethodofdeformationdoesnotseemtobe importanttoabnormal
graingrowth.Approximatelyequaleffectswereobtainedby rolling,
tensilestraining,andthermalstressingby quenching.Straingradients
arenotrequiredforabnormalgraingrowth.Thegreaterchanceforcriti-
caldeformationinthepresenceofa straingradientexplainsth~frequent
associationofabnormalgraingrowthwithstraingradients.

Theoveralldatadidnotindicateanyparticulareffectofinitial
grainsizeonabnormalgraingrowth.Thedegreeofgrowthpossibly
decreasedasverylargegrainswereformedandweresubsequentlyagain
criticallydeformed.Apparentlytreatmentatvarioustemperatures had
someeffectontherateofabnormalgraingrowth.Thisprobablywasdue
tovariationin solutionorprecipitationofparticlesactingas grain-
growthrestrainers.

MechanismofAbnormalGrainGrowth

Therearetwobasicmechanismsresultingingraingrowth:(1)Absorp-
tionofsurroundinggrainsby grain-boundarymigration,and(2)formation
ofnewgrainsby recrystallizationfollowedby grain-boundarymigration.
Bothmechanismsrequirea differenceinener~betweengrainssuchthat
thoseat a higherenergylevelareabsorbedby thoseata lowerenergy

v
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level.Inthefirstcase,somefactorsetsupa conditionsuchthatsome
grainsareata higherenergylevelthanothers.Itisthecommonmechan-

,

i.smforgrowthoflargergrainsfhm smallergrains.Inthesecondcase,
reliefof strainduetodeformationcausesa smallnewgrainto form.
!ll?hlsgrainthengrowsattheexpenseofthesurroundingmetalwhichis

P

ata higherenergylevelby virtueofthestrainpresent.Ifthereare
manycentersatwhichthesmallnewgrainsforminrelationtotheorigin-
al grainsize,theretillbemoregrainsafterrecrystallizationiscmn-
pleteandgrainrefinementwillhaveoccurred.Iftherearefewcenters
strainedenoughtorecrystallize,growthofonlya fewgrainswilloccur,
resultingingraincoarsening.

Theliterature(refs.4 and5)doesnotcle~l.yde$inewhetherabnor-
mal.graingrowthoccursby grain-boundarymigrationofexistinggrainsor
by growthofaveryfewsmallgrainsformedbyrecrysteJlization.In
eithercasetheessentialfeaturewouldseemtobe nonunifomnityofstrain
withintheindividualoriginalgrains.Grain-boundarymigrationwould
requirethata fewgrainsreceiveverylittlestraininrelationtotheir
neighboringgrains.Recrystallizationfollowedby graingrowthwould
requiresufficientlylargedeformationsata veryfewcentersinitiating
newgrains.

.—

—

Regardlessofthisinitialmechanism,itcanbe postulatedthatthe
characteristicshapeofthecurvesofgrainsizeversuspercentreduction
by rollingresultsfromthefollowingsequenceofconditions: —

(1)Inregionsofno reductionorsmallerreductionsthanthecriti- ,
calsmount,thereisnota sufficientcontrastinenergylevelstomake
onlya fewgrainsgrowattheexpenseofsurroundinggrains.Graingrowth
thatoccursisthenormaluniformgrowth. *

(2)At thecriticalreduction,thestrainingleavesonlya veryfew
low-energygrains.Theenergydifferenceisgreatenoughto allowthem
to growduringsubsequentheating,leavinga fewlargeabnormalgrains.

(3) At s~w~t l=w aunts or Straint- thecritical,appar-
entlytherearemoregrainsina conditionto absorbtheirneighborsthan
atthecriticalstrain.Theincreaseinthenumberresultsincompetition
foravailablesurroundinggrains.Thegrainsizeisthenrestricted
becausetherearenotenoughgrainsavailableforanyonetobeccme
large.

(4)At stilllargeramountsof strain,normalrecrystallizationand
graingrowthmostcertainlytakeplace.Theeffectsatlargeramountsof
strainare,however,complicatedifsimultaneousrecrystallizationoccurs
duringworking.Itappearedfromthedatathattherewaslittlediffer-
enceinthegrainsizeineithercaseexceptwhena verysmallamountof +
recrystallizationoccurred.Mixedgrainsizesresultedduringreheating
inthiscase,appementlybythefewinitialsmallgrainsgrowingata v
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fasterratethanthosewhichformedby recrystallization.Intheexperi.
ments conducted,thismechanismdidnotdevelopabnormallylargegrains
althoughitwastheoreticallypossible.Themechanism,however,seemed
tobe mainlyresponsibleformixedfineandcoarsegrains.

CONCLUSIONS

An investigationofabnormal.graingrowthinM-252andS-816alloys
ledtothefollowingresultsandconclusions:

1. Ina studyofabnornwlgraingrowthinM-252andS-816alloys,as
wellas ina priorstudyofWaspal.~,InconelX-5X, ad Nimonic
80Aalloys,onlyonecauseforsuchgraingrowthwasfound.Sml.1criti-
caldeformationofessentiallystrain-freemetalisrequired.Inthe
experimentalworkonM-252andS-816alloys,thesedeformationswerein
therangeofO.~to4.4percent.Consideringthedatafromallfiveof
theseheat-resistantalloys,thedeformationsinducingabnormalgrain
growthwereusuallywithintherangeof0.4to 5.0percentsndweretithin
therangeof0.1to9.7percentforallvariablesconsidered.Normal
solution-treatingtemperaturesandtimesweresufficientforabnormal
graingrowth,althoughthosecommonlyusedforsomealloysweremarginal
forgrowth.

2. Themainprobleminavoidingabnormalgraingrow%hseemstobe
identificationandavoidanceoftheoftencomplexconditionswhichlead
to criticaldeformation.Inadditionto smalldeformationsthemselves,
nonuniformmetalflowduringworkingleavingpartofthemetalcritically
deformedappearstobe a commonsource.Attentionmustbe givento design
ofmetal-workingoperationsto insuremorethancriticaldeformation
throughoutthepartbeingworked.Recrystallizationduringworkingleaves
metalsusceptibleto criticaldeformationandcsremustbe exercisedto
avoidsmalldeformationsaftersuchrecrystallizationsinceabnormalgrain
growthcanoccurin suchcasesevenwithlargeoverallreductions.

3. Rapidcoolingofnearlystrati-freemterialfromtheheating
temperaturecanbe thesourceofcriticaldeformationleadingto abnormal
growthduringsubsequentheating.

4. Criticaldeformationandabnormalgraingrowthwereremarkably
independentoftemperatureofworking.Abnormallyhightemperaturesdo
notcontributeverymuchto abnormalgraingrowth.Metallurgicalvari-
ablessuchas grainsizeandinitialheattreatmentgenerallyhadvery
littleeffect.ThemaJordifferencebetweenalloysappearstobe differ-
encesintemperaturesandtimesforgraingrowth.Thepresenceof exten-
siveexcess-phaseprecipitatesrestrainedgraingrowth,tendingto increase
thetemperaturesandtimesforgraingrowth.Theslighteffectsofprio!r

—
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temperaturesof
ofgrain-growth

heatingprobably
restrainers.

5. Inpractice,a nuuiberof
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resultedfromthevariationsinsolution .

—

variablesareoftenfoundimportant.
.

Suchvariablesasheatingtemperature,equipmentused,heat-to-heatdif-
ferences,meltingpractice,andalloycompositionusuallyinvolvedMfer-
encesinmetalflowcharacteristics.Thus,fora fixedoperation,the
flowcharacteristicsmaygovernwhetherornotcriticaldeformationoccurs.
Whenmarginaltemperaturesandtimesforgraingrowtharepresent,the
smallinherentdifferencesingrain-growthrates~ alsoconsiderably
influencethefinalgrainsizeina fixedhot-workingoperation;li@eri.-
mentallyitwasfoundthat,althoughmanyofthevariablesmentioned
alteredthedetailsandextentofgrowth,thesamemechanismofabnormal
growthoccurredinair-andvacuum-meltedM-252andWaspaloyalloys,and
inair-meltedS-816,InconelX--55O,andNimonic&)Aalloys.

UniversityofMichigan,
AnnArbor,Mich.,June15,1956.
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.380

.530

(a)Taperedspecimen

..
usedto obtainapproxhately
reductioninonepass.

O-to 15-percent

.420

● 450

.450’ -

(b)TaperedspecimengivingreductionsofO to 5 percentperpassused
to studyeffectofrepeatedcriticalreductions.Specimenremachined
betweenpassesto obtainsamerangeofreductions.

Figure1.-Taperedspecimensusedto obtainrangeofpercentreduction
by rollingtoflatbars(dimensionsininches).

.

.
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. ..4..., ~.,-.,,= .-. => - -.. .+

(a) Heat4&;8grain size,
. (b)E-t 6:6:&;8fw~inSiZe,

.

(c) HeatM%91;grainsize,8 to lessthan8.
L-57-U27

Figure2.-Microstruct~sofair-meltedM-252-Woybarstockssi?ter
equalizingtreatmentof~-percentreductionat 1,~0°F plus1 hour
at1,~0°F, thenair-cooled.Magnification,~0.
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(a)HeatA-41;grainsize, (b)HeatB-29;grainsize,5
7 to 8; lowsiliconand to 8;normal.composition.
memganesecontent,

L-57-4028
Figure3.- Microstructureofvacuum-melted”M-252-alloybarstockaf%er

equalizingtreatmentof50-percentreductionby rollingat 1$%00F
plus1 hourat1,950°F, thenair-cooled.Mawificatio%~~

.

.
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Equalizing Treatment Ro31ed50$$. at ~950”F + 1 hour

at l,950bP, aircooled~olled75%at L950’!?

Material ------

Cooling Method----

Heat Treatment

Heat 4:

Air-Cooled

Heat 63674

Wate@2uenched

Heat A6891

Water-QuenchedW ater-auenched

❑6-8 ❑6-7 -El3.4
5-8 •16-?81 hour at L9500F

❑6-8 ❑6-7 -El1-2
5-8 -’c51-3

6-8
2 cycles of 1 hour

at L950”F

❑6-8 a3-4 b ~. -+2!(-1 -1 5-73 cycles of 1 hour
at 1,950”F

❑b-7 --E1212-3 5-7 mo-3 5-7
$ cycles of 1 hour

at L950”F

-iII!0-2 5.8

J?Igure k.- Effect of repeated heating and coolingupon ,oyeinsize6 of transverse sections of

❑6.7 --liE31.3 s-y5 cycles of 1 hour
at L950”F

air-meltedM-252-alloy bar stock.
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“4 —---—.
.- . . :“..’ ..l.. .r... r- :’ .-. .._, .?. -u : .!T&.L;.

(a) 1 hourat1,550°F,
thenwater-quenched.

NACATN 4084

(b)Twocyclesof1 hour
at 1,%0°F, thenwater-
quenched.

(c)Fourcyclesoflhour atl,95@F,
thenwater-quenched.

L-57-4029

.

.

.

.

Figure5.- EffectofrepeatedheatingandcoolingUPOnmicrostructwe.. .
oftransversesectionsofheat43482ofair-meltedM-252-alloybsr
stock.Equalizingtreatmentwas75-percentreductionat 1,~~ F.
Magnification,X50. T.
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-. . . -.

* ,

Equalizing Treatment Rolled 50% at 1,950”F + 1 hour Rolled 50% at QOO”F + 1 hour
at ~950” F, air-cooled at 1950 “F, air-cooled

Material ----- --- Heat A-41 Heat B-29 Heat A-41 Heat B-29

Heat Treatment

air-wled ‘ m El El El

1 hour at 1950 ‘F

:j-jjj=, El El El El

1 hour at ~950”F,

air-ooed El El El El

5 bourn at l,950”F,

1 hour at 1950”F,
waterquenched

El El El El

1 hour at ~950”F,
wate~uenched +
4 hours at ~950 “F,
air-cooled

* * ~, q

Figure6.- Effect of equalizingtreatment and repeated heating and coo13ng upon grain growth of
vacuum-meltedheats A-41 and B-2$1of M-252 alloy.

%

. .
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(a)Zero-percentreduction. (b) 2.O-percentreduction.

L-57-4030
(c) 2.2-percentreduction. (d) 13.O-percentreduction.

Figure7.- Effectofpercentreductionby rollingat l,g50°F upon
microstructureofheat43482ofair-meltedM-252alloyafterfinal
solutiontreatment.Equalizingtreatmentofas-receivedstockwas
a 50-percent
air-cooled.
air-cooled.

reduction-at1,%0°F plus1 houratl,g50°F, then
Finalsolutiontreatmentwas4 hoursatl,g50°F, then
Magnification,X50.

.

.
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Equ-ltsinn Treatment of A#.Recaiv.d stock Rcdung Temprahtre for Tapered 8pecinmm Plnal Tmmmnt [w Grain G rcwth

Heat Trmtmmnt + 1,600-F

— 1 hour at 1,950.F, nir- + MOO.= -+-- Z1600.F 4 hours aL 1,950.J”,ti.ceded

Ro1led 50%~tL950.F Cold.

Pr;fo:t;d 112 hour *t
+ 1950.F

--- + .WQ.V
- -x-. .?JOO.F

.4 -O- ?JOow

I I I I I I I I I I I I I I I I I I I I I I

8 I I I I I I I I I I I I I I I i I I I I I0 I I I1 2 3 4 s I7 n 10 11 12 13
Percent Reduction by R+

(a)Heat 4~48Pofair-meltedalloy.

Figure8.- Et’feetof rolling ‘mnperatureand percent reductionupon maximum grain size of
M-252alloy after final solutiontreatment. u

-4



Eq.aliei.g Tr.atnwn! 05 As-Received stock OIXW Temperalurc for ‘hpered Specirnem I Final Treatment for Grti Growth I

Rolled50%atJ.950-F+1h.ur.tlg50-F,ai=o.l,d
I

o
❑

~:;- Ihat A6W1 I.1hoursat1950 u=, air-mold I

I

A
●

:.;> H..t63674
.

I I I I I I I I I I I I [ [ I [ I I I I [ I

I I I I I I I I I I I I I I I I I I 1 I I I I I 13 4 7 8 10 11 1,3 13
Porcmt R,dmtinn by Ro131w

(b) Heats 6367i andA@91 ofair-meltedalloy. ?

Q
Figure 8.- Continued.
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-4

4

b

8

Equalizing Treatment of A. -Racdved Stw71 Rolq Tomparatwm fm Tapered specimen. Find Tmatm..t for Or@in Gr.mth

Rollmd 50% at L950’~ + 1 hour at L950”F,ti-c.dod o J.400”F

0 l,&IO.F 4bnllmatU50”F,,dr-cOOIA
A I,900”F
● 2JOO”F

I I I I I I I I I I I I I I I I I I I I I I I

I

I I I I I I I I I I I I I I I I I I I I I I I I
0 1 z s 4 5 6 7 8 9 10 11 12 1

Pmcent R.dnction by RolliaE

(c) Low manganese and .ilicm heat A-kl of vacuum-meltedalloy. Equalizing treatmsnt included
rolling at l,~O” F.

Figure 8.- Continued.



Equdiziq Tr..mu.t d As -Received Stcd Ro333ngTwnpemtie for T
~

mpnmd6mcimeru Final Treatment for Grain Growth

R02M 50% at .UOO”F + 1 hour nt 1950”F, ak-molod
o lAoo.F

n M30.F 4 hour, at 2j350.F, air-cooled

A J900.F
● 3.,100.F

I I
I I

I I I I I I I I I I I I I I I I I I I I I

I I I I I I I I I I I I I I I I 1 I I I I I I I I
1 2 3 4 5 b 8 9 10 L1 13

Percent Redccdm ~ Ro22iq

Low manganese and siliconheat A-41 o? vacuum-meltedalloy. Equalizing treatment included
Erolling at 2,l~” F. >

Figure a.- Continued.
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EquakkLnu Treatment of A. -Received Stick Rolhg Tamperatun for T.pcred SPacimem Firm2 Trea!memt f.. Grti G,m$th

R.Ued 5C% atQ90-F + 1 :.our d I,950T, afr-coolod o 1400”r

Cl L600.F 4 hour. at Js50.F, ah-cooled

A L900”T
● 2J00-F

I I I I I I I I I 1 I I I 1 I I I I I I I I I

0

8 1 I I I I I I I I I I I I I I I I I I I I I I II
o 1 .2 3 4 6 7 9 10 11 12 23

(e) Normal.manganese

Pmcm,l R.ducttmJ 6y Rn2ting

and Bil,iconheat B-,29of vacuum-meltedalloy. Equalizing
includedrolling at 17~0° I’.

Figure 8.- Continued.

treatment



m~ Tr..~-t ~ AS-Received a- IQo13ingTemperaturefor Tapared Specimem FiM3 Treatment for Grain Growth

o l#OO-F
Rolled 5(K4 at2.300°F + 1 hour at iD50.F, mir-zmled

❑ MOOT 4 b-m at l,950.F, afr-ccmled

A 1.9oow

● UOOW

1

—

— IJ

1111
—

I I I I I I I I I I I I I I I I 1 I I I I I I I I
1 .? 3 4 9 6 7 a

Percent Raducthn by R012fDs

(f) Normal man@nese and siliconheat B-Z’gof vacuum-melted
included rolling at 2,100°F.

Figure 8.- Concluded.

9 10 11 12

FiLloy. Equlizing treatment
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1

-2

Figure

ICode Heat’

43482

43482
v 63674,.
+ A6891

-A-- A-41

-P- A-41

-u-- B-29

-t-
B-29

I

EqualizingTreatment

Rolled50% ati,950eF+ 1/2hr at~OO°F

ditto + 1 hr at1,950”F,f
ditto + ditto
ditto + ditto

ditto + ditto
Rolled50’7’oat2J00°F+ ditto

Rolled50% at1,950‘F + ditto
Rolled50?7i0at2.JOOeF+ ditto

/

-E ---- .——.

9.- Sumsrizedcompaisonof criticalreductionsandmaximum
grainsizesforair-andvacuum-meltedM-252alloy.AC,air-cooled.
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Approximate
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distributionofgrainsizes.

. . . . .,. .,.: -.. . . . . .’
-,

. . .+
. ,. ,“.

.,. ; . ., . ...-.+;,r
.4 . . . . . . . .,- . +,

>,
. . . . ,.,. .-

--- .,.-
““k.

. ..
.,

=, ,..?>‘-t. “,!.,--,, ,

. ..,.

... . ;
,.. ;

. .
..’
.,:,

(b)Microstructureat junctionofcoarse-andfine-gra.ined=eas.
Magnification,X500

L-57-4031
Figure10.-Microstructureandgrainsizesoftransversesectionof

as-receivedS-816-alloybarstock.
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El5-8

(a]Approxtitedistribution
ofgrainsizesafter
15-percentreductionat
1,000°F ph.ls1 hourat
2,150°F.

n4-7

. .

.

.,

,-
-.
--

.-. .

(b)Microstructureafter
1~-percentreductionat
l,COOOF plus1 hourat
2>150°F. Magnification,
~o .

-, . .
.“..

..

..

. ..+”-. m----

(c)Appro-te distribution (d)Microstructureafter
ofgrainsizesafter 15-percentreductionat
1~-percent reduction at l,COO” F plus1 hourat
1,000°F plus1 hourat 2,300°F. Magnification,
2,300°F.

Figureil.-Microstructure
equalized

60.

andgrainsizesoftransverse
&816-a~oybarstock.

L-57’-@32
sectionsof



uallzin tr.am-,,nt of as-received stock

Rolled 15% m WOO-F A. -Received Bar Stock

An Rolled + 1 hour at ?Joo-F , WatCr -

ieat
rre@l’le.t

--lD1

4.8 >8
,:.’, ~”-”’

* +:*.

Air -Cooled WntcMue.ched Air-Cmled Watar-Owr,ched Air-Cooled Watm-o.ench.d Air-Cooled Water~u,nched

‘2”$”” ❑ ❑ H m ‘e ‘w w w
%%’O,.~ qy ~ ,+~w .W‘!! w
:WL+*~ ,= ~ +==j.* .* ,* ,W
Icycle’ of 1

“=~27:: El ‘w ‘m ‘El w 4W ‘w w

(a) As-received bar stock and stock rolled 15 percent at l,CXXIoF.

Figure 12. - IHfect of repeated heat- and cooling upon grain sizes of transverse sections of
S816-alloy bar stock.

. , , t
“1

. 4
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Eql-a3izingTreatmenlof As-Received Stock

Rolled 15% at 1#00’F Rolled 70%at 2,150 *I?

+lh our at 451JT +

Heat ‘Q~]a’ “$uri” ‘OuEiF’ “PE”F’
Treatment

Air-Cooled Water-Quenched Oil-Cluenched Air-Cooted

1 cycle of 1 hour at
ZJ50”F, coded ,= O<q p, p,

? cycles of 1 how at
?J50” F, cmled

~% WEl m El

3cyc1end1h0wat ,,.. ,.z~q,-, l= ,=
lJ50”F, cooled

-%z!l

;5::;” :::1::~ ‘t (-4)-

(-1) -

#z3!il

$5?g,~.Q:dy at (.4). -8

(-1)

(b) Stock rolled 15 percent at l,~” F and then rolled 70 percent at 2,~50° F. WQ, water-
quenchedjOQ, oil-qwnched; AC, alr-cool.ed.

!i3
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(a)Reduced15

(b)Reduced15

NACATN4084

Air-cooled Water-quenched
percentatl,OCQOF, reheatedto 2,150°F threetimes,

andcooledas indicated.

Air-cooled Water-quenched

percentatl,~” F, reheatedto 2,150°F threetimes,
andcooledas indicated,-andfi&llysolution-&res.ted1 hourat -
2,300° F.

Air-cooled Water-quenched
(c)Reduced15percentat1,000°F, solution-treated

andwater-quenched,andthenreheatedto 2,1500F
cooledas indicated.

Air-cooled Water-quenched

lhourat2,3m°F
three times and

L-57-4033
(d)Reduced15percentat1,COO”F, solution-treated1 hourat2,3CQ0F

andwater-quenched,reheatedto 2,150°F threetimesandcooledas
indicated,andfinallysolutiontreatedagainat2,300°F.

Figure13.-Macrographsshowinggrain-sizedistributioninS-816-slloy
barstockafterrepeatedheatingto 2,150°F andcooling.Magnifica-
tion,X1.5.

.

.

.

?
—
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(e)As-received

(f)As-received

Air-cooled Water-quenched
barstockheatedthreetime;to 2,150°

indicated.

Air-cooled Water-quenched

F andcooledas

bsrstockheatedthreetimesto 2,150°F andcooledas. .
indicatedandfinaUysolution-treatedfor1 hour

.. ..,-,.

,-------. .

Air-cooled Water-quenched
(g)As-receivedbarstocksolution-treatedforlhour

at a$sOOO F.

at 2,300° F and
water-quenchedandreheatedto 2,150°F threetimesand-cooledas
indicated.

.?

~g

~g.“=.-..-=&*__../ .#*.:”i=. -...-. -.”.... .““.:.,‘.
.:<i~

\ .
. Air-cooled Water-quenched L-57-4o34

(h)As-receivedbarstocksolution-treatedfor1 hourat 2,300°F and
. water-quenched,reheatedto 2,150°F threetimesandcooledas indi-

cated,andfinallysolution-treatedagainat 2,30@F.

Figure13.- Concluded.
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(a) Ihourat 2,150°F, then
water-quenched.

(c) lhourat 2,150°F, then
water-qqenchedjplus
fourcyclesof1 hourat
2,150°F, thenair-cooled.

.

(b) 1 hourat 2,150° F, then
water-quenched,plus1 hour
at 2,150°F, thenair-cooled.

.

L-57-4035
(ti) 1 how at 2,150°F, then

water-quenched,plus
onecycleof4 hoursat
2,1500-F,thenair-cooled.

5

Figure14.-Effectofrepeatedheatingandcoolinguponmicrostructure
ofS-816alloywhichhadbeenequalizedby a 15-percentreductionat
1,400°F. (Transversesectionatbarsurface.) Magnification,X50.



Equdisiw Tr.mtn,rnt of A. .Rcccived Stock Rollinfl T*mper.lure for Tap-red Sp.cimenn

o I+300”F v 3,1OO.F

Rolled 15% at uOO.F + 1 h, nt &loO-F, watcr- ❑ ~oO”F 0 A150”F

q~n.11~ l#oo”F ● .VOO.F

: ?$IOO.F x .q60”R

1
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I 2 3 4 5 6 7 & 9 10 11 12 1

Pm-caIr ReducUm by Rn12irq

(a) Final solutiontrealment at 213000 J?.

Figure15. - EYfect of rolling temperature and percent reduction upon
s-S16aIJ.OY~er r~ solutiontreatment.

Iludlmm grainsize of
vl
F



Equalizing Treatment of A.-R. ctived Stock Rolling Temparatwe for T.pered Sp.cImorI. Find Treatment for Grain Gm.wtb

Rolled 15!4 rtt WOO-F + 1 hour at Z.300-F, 6ater-
qumwhed

0 ~00.F
1 hour at ?J50-F, watarqucnch,d

❑ l,SOO-F

A LZOO.F”
-4

I I I I I I I I I I I I I I I I I I I I I I I

.2

j
m
50
J
xM
2
g, _

!

4

m
M

6

8 I I I I I I I I I I I I I I I I I I I I I I I I J
0 1.2 3 4 5 b 7 8 9 10 11 12

Pm,cent Rmduetlon by Rolllag

(b) Final solutiontreatment at.a,150°F.

Figure 15.- Concluded.



-.

● ● ● ✎

-4

.2

0

2

4

6

8

Equmli.infl Treatment U2 h. -Recaived Stock

Rolled 15% at 1))00.F + 1 hour ● t 2J50.F, tir-coaled
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—
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o I,BOO.F V
l,400V-

~50.F

MOQ.F ~ qoo.r

: 2DO0.F ~50.F

o ?JOO.F X Z#oo.r
All f.. 1 hour
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Percent Rsdmtion by R02UW

Figure I_6.- Effect of percent reductionby rolling at 1,400°
UpOn maximum ~ain size of s-816 alloy after final

F and final solution treatment
solutiontreatment.
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o J.#oo lgoo Uoo ZJOo ~oo ~oo 2j400 ZJoo

Solution-Treatment Temperature, “F

Figure 17.- Maximumgrain size at critical reduction as a function of final solution-treating
temperature,fors-816 aI..Ioy.EquaUz@ treatment of as-receivedstock was a 15-percent
reduction at 1,000° F plus 1 hour at 2,1~@ F, then air-cooled. All solutiontreatmentswere
1 hour.

a .



NACATN4084

,.. ”
. “.

●

.. ;.... . .. :,,
;:, ,.,

,:. ;
. .

.. :”...
. . .

r

.. ,; ; ;, ...*.,..:,- *. ? ,..;,-;
“. ;,, , -.

, .,, ~
. ..-.

. .
.*,.;

d

.,..:
,: P.:;;,< :
,. . ;’t

,.. .’. 4
“.

. .~ .,
..>. ‘

. . .
, ,.”

,., . .
,,. ..

,.

. . .. :,
.. -,... ... $”r .“
..- ,,.,:. -.-,+.-..

.

. .. . .. . ,(. . ..>.“..’
:.. .
. . . . . ..- .

\
.,”. ,- “. .. r ,-

.
,,

, ‘.. . .,. ●. .,,. -.

.*.

(a) Zero-percentreduction. (b) O.y-percent reduction.

,. , .’. . ,..
. .. ,,

.-.:
-..

.

,.

..
.; ..,. ..

*
.

.

. .

.. .
“. .. =””...... .

.- ..
:: .;’.,

,.. . . .. . .. . ..’

L-57-4036
(,) 1.6-pementreduction. (d) 10.O-percentreduction.

Figure18.- Effectofpercentreductionby rollingat 1,400°F upon
microstructureofeqwlizedS-816alloyafterfinalsolutiontreat-
ment. Equalizingtreatmentofas-receivedstockwasa 15-percent
reductionat 1,000°F plus1 hourat 2,150°F, thenair-cooled.
Finalsolutiontreatmentwas1 hourat 2,200°F, thenwater-quenched.
Magnification,X50.
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Equnlisinu Trentment of A9-R6c*Ived Stc.Ck RoU3.B Temperature for Tapered Spccirnena Final Treatment for Grti Growth

o 1b 2,200.F, watm-qna”checl

Rolled 15% at 1400”F + 1 hour at .?J50 -F, tir-m.l.d 2/?50-F A 1hr .?,Z5Q-F, w.ter-quenched

I I
I I I I I I I I I I I I I I I I I I I I I I I

o

I I I I 1 I I I I I I I I I I I I I I I I I I I I
2 3 4 5 t, 7 8 7 10 11 12

Percent Rmducticm by RoIUW

Figure 19.- Effect of percent reductionat 2,2>0” F with final
ad 2,~0° F UpOn maxh@.m groin sf.seof S-816 alloy sfter

solutiontreatment at 2,XIOo F
final solutiontreatment.
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Equa3Mn# Trcafmc.nt of A. -Received Stwk RoIMng T.mp.ratur, for Taper.d SPcimen, Find Treatment for Oraln OrOwth

RoLM 15!4 ●t J/300-F + 1 hour at Z,150.F, tir-coaled 1,400-F o ~CYCk of1 h, at ?J50-~, tir-
COd.d+ 1hr M 2J50m F, wati~
quemkad

● 3 cycle. of 1 hr at ZJ50°F, d+
coolad + 1 hx at QUO-F, wafa~
q.enchmf

I I I I I I I I I I I I I I I I I I I I I I I

6 I I I I I I I I I I I I I I I Io I I I1 2 I I I I I I
3 4 5 b 7 8 10 11 12

P.rcmt Redncticm by Rolling

Figure 20.- EfYect of percent reduction at l,~” F and,repeated solution treatment at 2,1b@ F
and 2,~O” F upon mximum grain size of SJIM5 alloy after final solution treatment.
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Equnlfdng Trea!an#ofAs -Recoivd Stock Rolling Cumlitims for Tap+,ed SPecLrnen !
Find Treatment for Grmin Growth

I Rolled at 1.400-F I

Rolled 15% at I.CIOO.F + 1 hwr at 2,150”F, ah-cooled + 1 hom .t .?j5iJ.F, air-cooled, remacmned
+ Rolled nt L400”F 1 hom .t 2#00W, watm’-q.enohed

+ 1 how *t 2J50.F., air-cooled, rem-ckiti
+ Rolled .t 1#00.F

111111

I I I I I 1 I I I 1 I I I I I I I I I I I I I I I
.5 1.0 1.5 2.0 2,5 3.0

Figure 21.- Effect IX

, ●

Percent Reduction br RolUrM Par I%s

repeated reduction by rolling with Intermediateheat
size of s-816 aHoy s@ter find solutiontreatment.
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treatment
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Figure 22. - Effect of cooling rate after rolling at 2,150° F on grain size of S-816alloyafker
solutiontreatmmtat2,171°ani2,~0°J?.(M~~z@tr=@nt ws 15-p=rcentreduction
at1,000°F.)
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.

I EqualizingTreatmentofAs-ReceivedStock

15’70 Reductionatl@OO°F+ 1 hourat4150°F,
air-cooled

Tensile
Test Elongation, Approximate Distribution of Grain Sizes

empera - percent After Final Solution Treatment
ure, ‘F

lfloo

1“0 -

1,600 0.8 4-7

1$00 1.5 4-7

Final Treatment for Grain Growth

1 hour at ~OO°F, water-quenched

Figure 23.- Grain-grotih characteristics of s-816alloy after critical
deformation by tensile straining followed by final solution treatment.
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Figure 24.- Influenceof amouut of reduction at 2,150°F on~ain sizeof s-8M aUoy with an
‘initial grain size of -2 to ,5. Extent of rec+tallization during rolling is shown as well
as uniform main sizedevelopedduring subsequentsolution treatment at 2,150° ad 2&J000 F.
Initial grain dze of -2 to 5 obtainedby heating as-received stock 2 hours at 2,300 F.


